The selective oxidation and reactive wetting of intercritically annealed Si-bearing CMnSi transformation-induced plasticity steels were investigated by high-resolution transmission electron microscopy. In a N 2 + 10 pct H 2 gas atmosphere with a dew point (DP) ranging from 213 K to 278 K (À60°C to 5°C), a continuous layer of selective oxides was formed on the surface. Annealing in a higher DP gas atmosphere resulted in a thinner layer of external oxidation and a greater depth of internal oxidation. The hot dipping was carried out in a Zn bath containing 0.22 mass pct Al, and the bath temperature was 733 K (460°C). Coarse and discontinuous Fe 2 Al 5Àx Zn x grains and Fe-Zn intermetallics (f and d) were observed at the steel/ coating interface after the hot dip galvanizing (HDG) of panels were annealed in a low DP atmosphere 213 K (À60°C). The Fe-Zn intermetallics were formed both in areas where the Fe 2 Al 5Àx Zn x inhibition layer had not been formed and on top of non-stoichiometric Fe-Al-Zn crystals. Poor wetting was observed on panels annealed in a low DP atmosphere because of the formation of thick film-type oxides on the surface. After annealing in higher DP gas atmospheres, i.e., 263 K and 278 K (À10°C and 5°C), a continuous and fine-grained Fe 2 Al 5Àx Zn x layer was formed. No Fe-Zn intermetallics were formed. The small grain size of the inhibition layer was attributed to the nucleation of the Fe 2 Al 5Àx Zn x grains on small ferrite sub-surface grains and the presence of granular surface oxides. A high DP atmosphere can therefore significantly contribute to the decrease of Zn-coating defects on CMnSi TRIP steels processed in HDG lines.
The selective oxidation and reactive wetting of intercritically annealed Si-bearing CMnSi transformation-induced plasticity steels were investigated by high-resolution transmission electron microscopy. In a N 2 + 10 pct H 2 gas atmosphere with a dew point (DP) ranging from 213 K to 278 K (À60°C to 5°C), a continuous layer of selective oxides was formed on the surface. Annealing in a higher DP gas atmosphere resulted in a thinner layer of external oxidation and a greater depth of internal oxidation. The hot dipping was carried out in a Zn bath containing 0.22 mass pct Al, and the bath temperature was 733 K (460°C). Coarse and discontinuous Fe 2 Al 5Àx Zn x grains and Fe-Zn intermetallics (f and d) were observed at the steel/ coating interface after the hot dip galvanizing (HDG) of panels were annealed in a low DP atmosphere 213 K (À60°C). The Fe-Zn intermetallics were formed both in areas where the Fe 2 Al 5Àx Zn x inhibition layer had not been formed and on top of non-stoichiometric Fe-Al-Zn crystals. Poor wetting was observed on panels annealed in a low DP atmosphere because of the formation of thick film-type oxides on the surface. After annealing in higher DP gas atmospheres, i.e., 263 K and 278 K (À10°C and 5°C), a continuous and fine-grained Fe 2 Al 5Àx Zn x layer was formed. No Fe-Zn intermetallics were formed. The small grain size of the inhibition layer was attributed to the nucleation of the Fe 2 Al 5Àx Zn x grains on small ferrite sub-surface grains and the presence of granular surface oxides. A high DP atmosphere can therefore significantly contribute to the decrease of Zn-coating defects on CMnSi TRIP steels processed in HDG lines. IMPROVED safety standards and reduced automotive body-in-white weight have led to a strong interest in advanced high-strength steels (AHSS) such as transformation-induced plasticity (TRIP) steel. The galvanizability of TRIP steels by means of hot dip galvanizing (HDG) is a key factor which determines whether TRIP steel can be used in automotive body-in-white construction, as thin TRIP steel sheets used for lighter car-bodies should be resistant to perforation corrosion.
The gas atmosphere in annealing furnaces of continuous HDG lines reduces the iron oxides formed during cold rolling to elemental Fe. The alloying elements, Mn, Si, and Al are subject to selective oxidation as they have a high affinity for oxygen. This selective oxidation occurs at the steel surface in the low dew point (DP) gas atmosphere of HDG lines operated in standard conditions. The presence of film-forming surface oxides, in particular, the amorphous a-xMnOAESiO 2 (x < 0.9) and a-SiO 2 oxides, leads to a deterioration of the wettability of the intercritically annealed strip by the molten Zn and prevents the formation of the Fe 2 Al 5Àx Zn x inhibition layer at the steel surface. [1] [2] [3] This selective oxidation phenomenon occurring at the surfaces and in the subsurfaces of most industrial steel grades has been investigated for interstitial free steel, dual phase steel, and TRIP steel during the last decade. [4] [5] [6] [7] [8] [9] [10] Three methods which have been proposed to improve the quality of the hot dip Zn coatings are shown in Figure 1 . The first method consists of annealing the strip in a high DP atmosphere, which results in internal oxidation rather than external oxidation. [7] [8] [9] The second method involves the deposition of a thin layer of pure Fe, Ni, or Cu before the annealing stage in HDG lines. [11] [12] [13] The third method is a two-step procedure consisting of an oxidation followed by a reduction. [14] [15] [16] [17] In the oxidation stage, the surface is fully oxidized to a Fe oxide layer. The Mn, Si, and Al, which diffuse to the interface between the ferrite and the Fe oxide layer, form compound oxides. In the reduction stage, the Fe oxide is fully reduced to a pure Fe layer with embedded selective oxides.
The first method, i.e., the control of the DP, was suggested as one of the promising methods for galvanizing Si-containing TRIP steels. Although the effect of the DP on the selective oxidation has been clearly observed, [4] [5] [6] [7] [8] [9] [10] the influence of the resulting distribution of the oxides on the formation of the inhibition layer and the wettability has not yet been fully documented. Moreover, a possible interaction between the surface oxides formed during annealing and the inhibition layer formation in HDG, in particular the alumino-thermic reaction, have not been conclusively established using high-resolution microstructural analysis tools.
In the current article, therefore, the surface oxides formed during annealing and the inhibition layer formed at the steel/coating interface during the hot dipping of TRIP steel, after intercritical annealing (IA) in various gas atmospheric conditions in a galvanizing simulator, were analyzed by means of high-resolution transmission electron microscopy (TEM) of cross-sectional samples prepared by the focused ion beam (FIB) technique. A model was also proposed to describe the process of reactive wetting in the presence of Mn-Si compound oxides formed at the surface during IA in low DP conditions, and in the subsurface during IA in high DP conditions.
II. MATERIALS AND METHODS
Industrially cold-rolled full-hard CMnSi TRIP steel containing 2.2 mass pct Mn and 1.4 mass pct Si were used for the current study. The dimensions of the sheet panels used for the annealing and the Zn hot dipping experiments were 220 mm in length, 120 mm in width, and 1.0 mm in thickness. The samples were intercritically annealed in an IWATANI SURTEC HDG simulator manufactured by IWATANI Inc. in Germany. This HDG simulator consists of a main unit, a gas mixing station, a hybrid humidification system, and a control system. The infrared furnace in the main unit was used for the continuous IA simulation. The process gasses, N 2 , H 2 and He, were mixed in the gas-mixing station, and the gas mixture was humidified in the hybrid humidification system. The control system allowed for the precise control of the composition of the gas atmosphere.
The continuous annealing simulation were carried out at an IA temperature of 1093 K (820°C) in a N 2 + 10 pct H 2 gas atmosphere with DPs of 213 K, 263 K, and 278 K (À60°C, À10°C, and 5°C). Oxygen partial pressure at each DP condition was calculated using the formulae provided by Huin et al., [18] as shown in Table I .
Before the continuous annealing simulation, small coupons of 15 9 15 mm 2 were taken from larger panel samples, and their surface was mirror-polished with a 1-lm diamond suspension to allow for cross-sectional TEM observation without interferences because of the roughness of the strip surface. The annealing cycle consisted of heating to the IA temperature of 1093 K (820°C) at a heating rate of 3 K/s, holding at the IA temperature for 47 seconds and rapid cooling to room temperature at a cooling rate ranging from 20 to 30 K/s with N 2 gas.
Before the galvanizing simulation, the sheets were degreased with kerosene, ultrasonically cleaned in ethanol and acetone to remove all lubricant residues and iron fines. The galvanizing cycle consisted of heating at a heating rate of 3 K/s to the IA temperature of 1093 K (820°C). The panels were held at the IA temperature for 47 seconds, slow cooled with a cooling rate of 3 K/s to 943 K (670°C) and rapidly cooled with a cooling rate of 17.6 K/s to the isothermal bainitic transformation (IBT) temperature of 673 K (400°C). The panels were held at the IBT temperature for 120 seconds and dipped in the liquid Zn bath for 4 seconds before a final rapid cooling to room temperature with N 2 gas. The Zn bath temperature was 733 K (460°C), and the total Al content of the Zn was 0.22 mass pct. The sample surface and cross section were analyzed in the annealed and galvanized state in a FEI Quanta 3D FEG scanning electron microscopy (SEM). The galvanized samples were etched in an aqueous solution of 10 pct H 2 SO 4 , cleaned in water for few seconds and cleaned in ethanol. The etching was used to remove the Zn overlay and expose the Fe-Zn intermetallic phases and the Fe 2 Al 5Àx Zn x inhibition layer for the SEM observation. The SEM accelerating voltage was 20 keV. The microstructures of the annealed and galvanized samples were investigated by means of field emission (FE) TEM. The cross-sectional TEM samples were prepared by the FIB technique in the FEI Quanta 3D FEG. The TEM samples were analyzed in a JEOL JEM-2100F FE-TEM operated at 200 keV. The oxide composition was determined by means of energy dispersive spectroscopy (EDS) using a one nanometer-size electron beam. Figure 2 shows SEM and TEM micrographs of the transition from external to internal oxidation achieved by gas atmosphere DP control. The samples were annealed at the IA temperature in gas atmosphere conditions with a DP of 213 K, 263 K, and 278 K (À60°C, À10°C, and 5°C) before rapid cooling to room temperature. A continuous layer of selective oxides could be observed at the surface for all DP gas atmosphere conditions. In the low DP gas atmosphere of 213 K (À60°C), two types of external oxide layers were formed on the surface: a thick layer-type Mn-rich oxide layer and a thin layer of a Si-rich oxide. In a gas atmosphere with a DP of 263 K (À10°C), the transition from external oxidation to internal oxidation could be clearly observed, with separated regions of external and internal oxidation. A thinner surface oxide layer was formed at the surface when internal oxidation was favored. The annealing in the high DP gas atmosphere also resulted in a larger depth of internal oxidation of Mn and Si. The depth of internal oxidation ranged from 400 to 600 nm. In the high DP atmosphere of 278 K (5°C), the oxidation front extended from 1.0 to 1.2 lm below the surface. The formation of grain boundary oxide particles was also observed after IA in high DP gas atmosphere conditions. smaller than the one after annealing in the intermediate DP condition. These observations clearly show that annealing in a higher DP gas atmosphere results in the formation of a continuous layer of finer Fe 2 Al 5Àx Zn x grains which effectively inhibit the formation of Fe-Zn intermetallics by preventing the direct contact between the steel surface and the liquid Zn during hot dipping. Figure 4 shows a cross-sectional TEM micrographs of the steel/coating interface of the GI TRIP sample annealed in the low DP gas atmosphere [213 K (À60°C)]. Note that the layer with a dark contrast covering the sample surface is a Pt coating layer which protects the surface during the FIB sample preparation. which has grains, from 0.5 to 1.0 lm in size, located at the steel/coating interface. The surface oxides formed during continuous annealing can be seen to have remained above, inside, and below the Fe 2 Al 5Àx Zn x layer. Figures 4(b) , (c), and (d) show detailed views of these oxides in the Fe 2 Al 5Àx Zn x layer. The crystal next to the Fe 2 Al 5Àx Zn x was identified as a zeta (f) phase crystal covered by oxides. The f crystal and the oxides were both embedded in the steel matrix, as shown in Figure 4(d). Figures 4(e) and (f) show the lattice images and the EDS spectra of the oxides indicating that most of the oxides were amorphous a-xMnOAESiO 2 (x < 0.9). The high-resolution TEM micrographs reveal an oxide microstructure that is featureless and random, i.e., without clear lattice periodicity. The high-resolution images clearly show that these oxides are amorphous. The atomic Mn/Si ratio was determined using the Mn and Si K a1 peak amplitudes in the EDS spectra. Figure 4(c) shows the presence of the Fe 2 Al 5Àx Zn x layer extending into the ferrite matrix. Figure 5 shows a cross-sectional TEM micrograph and an EDS elemental line profile of a d-phase crystal which has grown on the upper surface of Fe 2 Al 5Àx Zn x of the GI TRIP sample annealed in a low DP gas atmosphere [213 K (À60°C)]. The EDS elemental composition profile was taken along the indicated dashed line in the direction of the arrow as shown in Figure 5 (d). Figure 6 shows cross-sectional TEM micrographs of the steel/coating interface of the GI TRIP sample annealed in a gas atmosphere with a DP of 263 K (À10°C). Figure 6(a) shows that the Fe 2 Al 5Àx Zn x layer consisted of a cluster of gains. The size of the Fe 2 Al 5Àx Zn x grains, which ranged from 100 to 200 nm, was similar to the size of the subsurface ferrite grains. The oxides observed at the grain boundaries of the Fe 2 Al 5Àx Zn x were on top of, inside, and below the layer. Figure 6(b) hemispherical oxides after galvanizing. This is shown in Figure 6 (c). The discontinuity of the oxide layer is more pronounced than after the low DP atmosphere annealing (Figures 4 and 5) . In the region where the oxide layer is not continuous, the presence of Al and Zn can be clearly observed in the elemental mappings obtained by EDS. Al and Zn were also detected below the surface oxides indicating that the oxides actually became embedded in the Fe 2 Al 5Àx Zn x layer during the initial reaction between the steel surface and the Zn alloy. The surface oxides were usually located underneath the Fe 2 Al 5Àx Zn x grains rather than located above the grains. The distribution of the discontinuous oxides located in the Fe 2 Al 5Àx Zn x inhibition layer was also observed by Bellhouse and McDermid [20] who studied the galvanizing of Al-Si TRIP steels. Figure 7 shows a cross-sectional TEM micrograph of the steel/coating interface of the GI TRIP sample intercritically annealed in a gas atmosphere with a high DP of 278 K (5°C). The Fe 2 Al 5Àx Zn x grain size was about 100 nm. This grain size is considerably smaller after annealing in the 263 K (À10°C) DP atmosphere. This grain size was similar to the subsurface ferrite grain size. The oxides were also observed above, in, and below the Fe 2 Al 5Àx Zn x layer. Oxide nodules were present at grain boundaries in the Fe 2 Al 5Àx Zn x layer. The clear crystallographic orientation relationship between the Fe matrix and the Fe 2 Al 5Àx Zn x grains is illustrated in Figures 7(b) through (e) which shows the close similarity between the diffraction pattern and the Fast Fourier Transform of the high-resolution images for ferrite and Fe 2 Al 5Àx Zn x . The discontinuities in the surface oxide layers are more obvious when viewed with the contrast obtained in the STEM images. The elemental EDS mappings for Fe, Al, Zn, Mn, Si, and O at the steel/ coating interface in Figure 7 (e) show that the surface oxides were usually located underneath the Fe 2 Al 5Àx Zn x grains. In the region indicated by the dashed circle, the oxides were, however, located on top of the Fe 2 Al 5Àx Zn x layer. This observation indicates that after the nucleation of the Fe 2 Al 5Àx Zn x in surface areas free of oxides, the inhibition layer can grow laterally under the oxides.
III. RESULTS
the Fe 2 Al 5Àx Zn x inhibition particle, but not in direct contact with the ferrite grains in the steel. Instead, they are separated from the ferrite matrix by a thin, ill-defined Zn-rich layer.
IV. DISCUSSION
Wagner [21] proposed a theory for the internal oxidation of binary alloys, which was further developed by Grabke et al. [22] for multicomponent ferrous alloys. Huin et al. [18] proposed a numerical model to predict the internal oxides formation of steels containing Mn, Si, and Al during annealing with different DP conditions. This model considered steels with low alloying element contents, and the model was applied to one-dimensional diffusion. He et al. [23] proposed an alternative model for interpretation of alloy oxidation, where transitions from temporary/permanent external oxidation to internal oxidation were suggested.
Despite their obvious usefulness in terms of general predictions, these models are currently unable to capture the actual complexities of the external and internal oxidation in steel, in particular, the morphology and distribution of the oxides, and the fact that the composition of the oxides does often not conform to the composition of the well-known simple or compound oxides such as MnO, SiO 2 , MnSiO 3 , and Mn 2 SiO 4 .
The selective oxidation behaviors of Mn and Si during continuous annealing in a HDG line are a complex nonequilibrium process. The isothermal holding times are relatively short, and a large fraction of the thermal cycle consists of heating and cooling stages. The current study and the previous study of the same research group have shown that even though the same annealing condition may be used, the morphology, size, and composition of the Si-Mn compound oxides vary considerably depending on the steel composition and the gas atmosphere conditions used during the IA. A more pronounced oxidation also occurs at higher Si and Mn contents. As shown in Figure 2 , a low DP gas atmosphere condition results in the formation of thick film-type external oxides, whereas a high DP gas atmosphere condition results in the formation of thinner particle-type external oxides.
It is expected that the morphology, thickness, and type of the oxide will influence the reactive wetting behavior. It is well known that surface oxides of Si are more harmful to the galvanizability of steels than the oxides of any other alloying element. One of the reasons for this is the lower thermodynamic driving force for the reduction of SiO 2 by the alumino-thermic reaction. The type of oxide is therefore expected to affect the galvanizability. In the current study, a different reactive wetting behavior was observed even though the same type of xMnOSiO 2 (0 < x < 3) compound oxide was observed after annealing in different DP conditions. The thickness and morphology of the oxide film must therefore also play a decisive role. This was reported previously by Kim et al. [24] who noticed that the wettability of steels by liquid Zn-Al alloy was influenced by the morphology of the surface oxides rather than by the type of oxides present at the surface by measuring the contact angles of liquid Zn-Al alloys on pure compounds of MnO, MnSiO 3 , Mn 2 SiO 4 , and SiO 2 . Bellhouse and McDermid [20] also pointed out that the morphologies of the more closely spaced oxide nodules formed after the IA of Si-bearing TRIP steel processed in gas atmospheres with a higher oxygen partial pressure resulted in the increase of the number of bare spot defects.
The presence of surface oxides influences the formation of the Fe 2 Al 5Àx Zn x layer. This results in the deterioration of the coating quality regardless of the type of oxide formed during IA. Reactive wetting can occur in spite of the presence of oxides because of the presence of small amounts of Al in the Zn bath. The reactive wetting in the presence of an amorphous oxide layer has not been clearly observed, but Khondker et al. [25] showed that the reduction of MnO by the solute Al in the Zn bath was in principle thermodynamically possible. Gong et al. [26] reported that some of their observations were compatible with the reduction of xMnOAESiO 2 by Al. Recently, Kavitha and McDermid [27] showed additional evidence for an alumino-thermic reduction of compound oxides during HDG. They reported that the thickness of a MnO layer was significantly reduced for increasing reaction times and that Al, the product of the alumino-thermic reaction, could be detected at the MnO/bath interface. Gao et al. [28] has argued, however, that the observations were due to an oxide layer lift-off mechanism rather than an aluminothermic reduction. The lift-off mechanism is a process whereby the oxides are removed from the surface into the melt by the rapid dissolution of the substrate through holes or other defects of the surface oxide. The lift-off mechanism is based on their observation that the use of Zn baths with a lower Al content always results in the improved galvanizability of TRIP steel.
Both the alumino-thermic reduction and the Fe dissolution may contribute to the removal of the oxide layer and provide diffusion paths for Fe and Al. Three key observations can be interpreted as direct evidence for the removal of the oxide film by alumino-thermic reduction. First, the surface oxides are mainly located underneath the Fe 2 Al 5Àx Zn x layer when the steel/ coating interface is covered by a continuous inhibition layer (Figures 6 and 7) . Second, the EDS elemental maps show clearly that the oxide layers are not continuous after hot dipping although the same oxide layers are continuous before hot dipping. Third, Al and Zn are clearly detected in the areas where the oxide layer was discontinuous (Figures 6 and 7) . Strong evidence for alumino-thermic reduction would also be the direct observation of Al-oxides. No Al-oxide particles were identified in the current study. This could be due to their small size or the limitation of the analytic instrumentation used in the current study. A direct evidence for the oxide lift-off mechanism is also difficult to find, but the occasional observation of oxides embedded in the inhibition layer or located on top of the inhibition layer suggests that lift-off may have taken place in the areas where the formation of the Fe-Zn intermetallics (f or d) was observed as shown in Figure 5 . The separation of the inhibition layer and the oxides from the ferrite matrix by a thin, ill-defined Zn-rich layer may be due to the occurrence of the oxide lift-off in areas where the Fe dissolution was kinetically faster.
The reactive wetting behavior of the samples was significantly influenced by the DP. After IA in a low DP gas atmosphere of 213 K (À60°C), the Fe 2 Al 5Àx Zn x grains at the steel/coating interface were coarse, and they did not form a continuous layer. In addition, many Fe-Zn intermetallic crystals were observed. After hot dipping of panels processed in high DP gas atmospheric conditions, i.e., 263 K and 278 K (À10°C and 5°C), the Fe 2 Al 5Àx Zn x was fine-grained and formed a continuous layer. No Fe-Zn intermetallics were formed. Bellhouse and McDermid [20] reported that the discontinuities and the formation of Fe-Zn intermetallics were very likely due to the localized depletion of Al resulting from the alumino-thermic reduction of the surface oxides. The formation of Fe-Zn intermetallics on top of the Fe 2 Al 5Àx Zn x crystals for the low-alloyed steels is due to the excess Fe remaining after the Fe 2 Al 5 formation from the Fe-saturated liquid Zn bath. The reactive wetting mechanism for the CMnSi TRIP steel can be explained by means of the schematic shown in Figure 8 which takes into account the presence of surface oxides formed during IA.
In a low DP gas atmosphere, two types of surface oxides are formed on the surface during IA: thick (30-40 nm) xMnOAESiO 2 layers, and thin (5-10 nm) SiO 2 layers. When the steel is dipped in the liquid Zn bath, Al present in the stationary boundary layer in contact with the surface reduces the oxides. While the thicker parts of the oxide layer promote the localized depletion of Al, the thinner parts of the oxide layer are removed by the reduction reaction. This provides a location for the dissolution of Fe in the boundary layer with the subsequent formation of the Fe 2 Al 5Àx Zn x inhibition layer. Once the Fe 2 Al 5Àx Zn x nucleates at the steel/coating interface, the Al atoms close to the interface contribute to the growth of Fe 2 Al 5Àx Zn x rather than to the reduction of oxides. This process results in the formation of the observed larger and isolated Fe 2 Al 5Àx Zn x grains. When the rate of Al uptake decreases because of the exhaustion of Al in the stationary boundary layer, the Fe dissolution and the formation of f and d-phase Fe-Zn intermetallics take place at the interface where the Fe 2 Al 5Àx Zn x layer has not formed. Some oxides also appear to be lifted off from their original position on the surface because of a rapid Fe dissolution during the formation of the Fe-Zn intermetallics.
In a high DP gas atmosphere, a thin oxide layer is formed on the surface, and the selective oxides are present as small oxide particles at grain boundaries. The subsurface grain boundaries are pinned by the internal oxides. This suppresses the grain growth during annealing and results in fine subsurface grains. During the dipping in the Zn bath, Al in the stationary boundary layer partially reduces the oxides whereas the oxides at the grain boundaries are not affected. Only a small amount of Fe diffusion is required to nucleate the Fe 2 Al 5Àx Zn x layer. As the oxide layer is partially reduced, the Fe dissolution and the Al diffusion occur simultaneously at the interface. As the Fe 2 Al 5Àx Zn x grains nucleate on the substrate ferrite grains, the size of the Fe 2 Al 5Àx Zn x grains is influenced by the small grain size in the subsurface region. When oxides are thicker, lateral growth of the Fe 2 Al 5Àx Zn x grains under the oxide layer also supports the formation of a continuous Fe 2 Al 5Àx Zn x inhibition layer. IA in high DP gas atmosphere conditions is therefore effective in causing both internal oxidation and the reduction of the small amount of layer-type surface oxides initially present at the TRIP steel/coating interface. This results in the formation of a continuous fine-grained Fe 2 Al 5Àx Zn x layer on which a defect-free Zn coating can solidify.
V. CONCLUSIONS
The selective oxidation of a CMnSi TRIP steel during the annealing in a N 2 + 10 pct H 2 gas atmosphere with a DP ranging from 213 K to 278 K (À60°C to 5°C) was investigated by means of FE-TEM. A continuous layer of selective oxides formed on the steel surface in all DP conditions. In high DP gas atmospheres, a thinner external oxide layer and a greater depth of internal oxidation were observed. In the low 213 K (À60°C) DP condition, the thickness of the oxide layer ranged from 30 to 40 nm, and no internal oxides were present in the Fig. 8 -Schematic of the reactive wetting mechanism at the steel/coating interface during galvanizing of CMnSi TRIP steel intercritically annealed in gas atmospheres with a low DP and a high DP. subsurface region. In the high DP condition of 278 K (5°C), the oxide layer thickness was about 5 nm, and the depth of internal oxidation extended from 1.0 to 1.2 lm below the surface. Although the thickness of the surface oxides was clearly reduced by annealing in a gas atmosphere with an increased DP, external oxidation still occurred in conditions which strongly favor internal oxidation.
The behavior of the reactive wetting of the CMnSi TRIP steel during the galvanizing was also investigated. Panels annealed in a low DP gas atmosphere of 213 K (À60°C) had coarse Fe 2 Al 5Àx Zn x grains at the steel/ coating interface. The inhibition layer was not continuous, and many f and d-phase Fe-Zn intermetallics were formed at the steel/coating interface. These Fe-Zn intermetallics were formed at both the areas where the Fe 2 Al 5Àx Zn x layer had not been formed. The poor wetting of the panels annealed in a low DP gas atmosphere was due to the presence of thick film-type oxides on the surface. After IA in higher DP, 263 K and 278 K (À10°C and 5°C), gas atmospheric conditions, the Fe 2 Al 5Àx Zn x inhibition layer was thinner and continuous. No Fe-Zn intermetallic crystals were formed. The small grain size of the Fe 2 Al 5Àx Zn x crystal was attributed to the nucleation of the Fe 2 Al 5Àx Zn x on the small subsurface matrix grains and the presence of the intergranular surface oxides which acted as heterogeneous nucleation sites. The reduction of the surface oxide's layer thickness on panels annealed in a high DP gas atmosphere resulted in the formation of a fine grained and continuous Fe 2 Al 5Àx Zn x inhibition layer without the formation of Fe-Zn intermetallics.
The results of the current study clearly illustrate that the control of the DP of the gas atmosphere in the annealing furnace of continuous galvanizing lines can lead to a reduction of the effects related to surface selective oxides which prevent the formation of a continuous and fine-grained inhibition layer. This will improve the control of the Zn-coating thickness and reduce the number of Zn-coating defects. It may also lead to a uniform break down of the inhibition layer and a stable galvannealing process.
